Abstract. A fast coding unit (CU) decision method is proposed for high efficiency video coding (HEVC) by determining early the CU sizes based on coding tree pruning. One of the most effective, a newly introduced concept in HEVC, is variable CU size. In determining the best CU size, the reference encoder of the HEVC tests every possible CU size in order to estimate the coding performance of each CU defined by the CU size. This causes major computational complexity within the encoding process, which should be overcome for the implementation of a fast encoder. A simple tree-pruning algorithm is proposed that exploits the observation where the subtree computations can be skipped if the coding mode of the current node is sufficient (e.g., SKIP mode). The experimental results show that the proposed method was able to achieve a 40% reduction in encoding time compared to the HEVC test model 3.0 encoder with only a negligible loss in coding performance. The proposed method was adopted in HEVC test model 4.0 encoder at JCT-VC 6th meeting.
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1 Introduction ISO/IEC Moving Picture Expert Group (MPEG) and the ITU-T Video Coding Experts Group (VCEG) initiated a new video coding standardization called high efficiency video coding (HEVC) in 2010. This new standard is expected to satisfy the ever-increasing requirements, such as compression efficiency, video resolution, frame rates, and computational complexity. While the HEVC standardization is in progress, the compression efficiency of HEVC is two times better when compared to that of its preceding standard, MPEG-4 AVC/H.264. 1 Although HEVC follows the traditional coding structure, including block-based motion compensation and transform coding, a substantial improvement comes from a new hierarchical coding concept based on a quadtree structure. 2 In HEVC, the video encoding and decoding process is composed of three units as follows: the coding unit coding unit (CU) for the root of the transform quadtree as well as the prediction mode for Inter/SKIP/Intra prediction, the prediction unit (PU) for coding the mode decision, including motion estimation and rate-distortion optimization, and the transform unit TU for transform coding and entropy coding. 3 Among the three units, CU is the most critical in relation to the compression efficiency because it determines the initial coding block size, which affects the performance of the remaining processing units (i.e., PU and TU).
When using CU, PU, and TU, improved compression efficiency is possible, but this dramatically increases the computational complexity. Typically, a quadtree is generated during the encoding process where the root node indicates the largest CU size and has four nodes corresponding to the next CU size. The tree is called the coding tree, and the maximum depth can be as deep as four. CUs with coding trees (e.g., CU0 for 64 × 64, CU1 for 32 × 32,..., CU3 for 8 × 8 when the largest CU size is set to 64 and the depth is set to 4) are included within the computation and selection of the optimal CU size, which causes exponential growth of the number of CUs (e.g., Fig. 1 . Since each CU`is followed by a corresponding PU and TU computation, the growing complexity poses a serious challenge to the real-time encoder design. The HEVC reference encoder (i.e., Version 3.0) is approximately three times slower than the MPEG-4 AVC/H.264 reference encoder (i.e., JM 17.0 High profile). In order to overcome the computational complexity in HEVC encoder, we exploited the coding tree pruning based CU early termination and introduced the method at the JCT-VC 6th meeting. 4 
Fast CU Decision Method Based on Coding
Tree Pruning The computational complexity based on variable CU sizes can be described as follows:
where f ðnÞ is the total number of operations when the maximum depth of the coding tree is set to n, and M i is the number of operations required for the given CU size at the i'th level. In Eq.
(1), we assume that M i is one-fourth of M i−1 because the CU size decreases by one-fourth from the previous level. The total number of operations can be combined as follows:
As shown in Eq. (2), the total computational complexity increases monotonically with respect to the maximum CU depth. When considering the fact that M i represents all the encoding processes, including motion estimation at each CU size, the maximum CU depth is a dominant factor that determines the encoding time.
This letter investigates the strategy for a fast CU depth decision by determining the CU depth early. We exploit the fact that no further processing of subtrees is necessary when the cost of the current CU node is lower than those of the CU nodes belonging to the subtrees of the current CU node [i.e. RDCostðCU t Þ < subtrees. We can avoid computing the subtree cost if the cost of the current node is the minimum (i.e., SKIP mode); this is the major concept of the proposed method. In order to further reduce the computational complexity with some loss in compression efficiency, it is possible to define the condition to pruned subtrees, as follows:
Pruning condition :
where Mode indicates the ordered set of prediction modes according to the complexity, m 0 is a selected prediction mode for the current CU depth, and Threshold may be chosen from Mode. In Eq. (3), the likelihood of the pruning process is determined by varying the Threshold value from SKIP to Inter N × N. If the Threshold is set to SKIP, the pruning process does not influence the compression efficiency; otherwise, more subtrees will be pruned at the cost of decreased compression efficiency. Based on this analysis, we propose the subtree pruning process as shown in Table 1 .
Experimental Results
For the performance evaluation, we assessed the total execution time of the proposed method in comparison to that of the HEVC test model (HM) 3.0 in order to confirm the reduction in computational complexity. 5 The coding performance was evaluated based on the ΔBitrate½ðB PRO Table 2 . Table 3 shows the total encoding time of HM 3.0 and the proposed method in the low-delay scenario as well as the random-access scenario. 6 The average results for each class are presented in Table 3 even though we tested all sequences with different QP values described in Table 2 . Table 3 shows that the total time of the proposed method was reduced to 63.34% of that of HM 3.0 in a low-delay scenario and was reduced to 59.43% of that of HM 3.0 in a random-access scenario, respectively. The coding gain, with a minor degradation in picture quality, is the natural outcome of the proposed method because the coding tree pruning process favors the efficiency of bit reduction over picture quality. By adjusting the Threshold value, a further reduction in computational complexity can be achieved while the degradation in picture quality will be more severe. So far, the proposed method, with the Threshold value set to SKIP mode, performed the best in terms of both computation time and in coding efficiency.
Conclusion
Herein we proposed a fast CU decision method for HEVC by early determination of the CU size based on coding tree pruning, which yielded a reduction in encoding time of approximately 40% when compared to the HM 3.0 encoder with only a negligible loss of BD-bitrate. The experimental results showed that the proposed coding tree pruning method should be considered when designing a fast HEVC encoder. The proposed method was adopted in HEVC test model 4.0 encoder at JCT-VC 6th meeting. 
